Covalent labeling and mass spectrometry are seeing increased use together as a way to obtain insight into the 3-dimensional structure of proteins and protein complexes. Several amino acid specific (e.g., diethylpyrocarbonate) and non-specific (e.g., hydroxyl radicals) labeling reagents are available for this purpose. Diethylpyrocarbonate (DEPC) is a promising labeling reagent because it can potentially probe up to 30% of the residues in the average protein and gives only one reaction product, thereby facilitating mass spectrometric analysis. It was recently reported, though, that DEPC modifications are labile for some amino acids. Here, we show that label loss is more significant and widespread than previously thought, especially for Ser, Thr, Tyr, and His residues, when relatively long protein digestion times are used. Such label loss ultimately decreases the amount of protein structural information that is obtainable with this reagent. We find, however, that the number of DEPC modified residues and, thus, protein structural information, can be significantly increased by decreasing the time between the covalent labeling reaction and the mass spectrometric analysis. This is most effectively accomplished using short (e.g., 2 h) proteolytic digestions with enzymes such as immobilized chymotrypsin or Glu-C rather than using methods (e.g., microwave or ultrasonic irradiation) that accelerate proteolysis in other ways. Using short digestion times, we show that the percentage of solvent accessible residues that can be modified by DEPC increases from 44% to 67% for cytochrome c, 35% to 81% for myoglobin, and 76% to 95% for β-2-microglobulin. In effect, these increased numbers of modified residues improve the protein structural resolution available from this covalent labeling method. Compared with typical overnight digestion conditions, the short digestion times decrease the average distance between modified residues from 11 to 7 Å for myoglobin, 13 to 10 Å for cytochrome c, and 9 to 8 Å for β-2-microglobulin.
Introduction
M ass spectrometry (MS) is playing an ever increasing role in the study of protein three-dimensional (3D) structure because more commonly used methods, such as NMR and X-ray crystallography, have some limitations with regard to protein molecular size, conformational flexibility, aggregation propensity, and/or limited sensitivity. Mass spectrometry alone cannot provide direct information about protein 3D structure in solution, and therefore must be used with labeling techniques such as H/D exchange [1] [2] [3] [4] [5] [6] , crosslinking [7] [8] [9] [10] [11] [12] [13] [14] , covalent labeling [15] [16] [17] , and noncovalent labeling [18] [19] [20] . Alternatively, ion mobility mass spectrometry can also be used to study protein structure in the gas phase [21] [22] [23] . Our group has been investigating covalent labeling because such methods are complementary to H/D exchange and cross-linking, and in some cases covalent labeling offers some advantages over these approaches. In comparison to H/D exchange, for example, covalent labeling techniques provide structural information about amino acid side chains, while having limited back-exchange and scrambling. They also offer more straightforward data analysis as compared to cross-linking methods.
Covalent labeling approaches use reagents that nonspecifically or specifically modify solvent exposed amino acids, and these modified residues are identified after proteolytic digestion and tandem mass spectrometry (MS/MS). Differential reactivity of side chains can indicate changes in protein structure, especially upon binding to a metal, ligand, or another protein [15] [16] [17] . Indeed, covalent labeling methods have significant merit when it comes to studying the interfaces of protein-protein complexes because these methods probe the solvent accessibility of amino acid side chains, which are critically important in mediating proteinprotein interactions.
Numerous amino acid specific (e.g., succinimides for Lys residues) and nonspecific (e.g.. hydroxyl radicals) reagents have been used for covalent labeling. We have recently demonstrated that diethylpyrocarbonate (DEPC) has great promise as a labeling reagent for studying protein structure [24] [25] [26] [27] [28] . Despite many studies using DEPC, even with MSbased detection [29] [30] [31] [32] [33] [34] , it had been generally thought that this reagent reacts almost exclusively with His residues; however, in recent studies we have shown that DEPC can react with Lys, Tyr, Cys, Ser, and Thr residues in addition to His [24] [25] [26] [27] . In fact, DEPC can potentially probe up to 30% of the residues in the average protein. This degree of coverage could make DEPC a very general surface mapping reagent for proteins having typical numbers of His, Tyr, Ser, Thr, Lys, and Cys residues. Because reactions with DEPC also only produce one type of product, this reagent has nice advantages when compared to non-specific reagents (e.g., hydroxyl radicals) that produce numerous product types. In effect, sites modified by DEPC can be more readily and sensitively identified by MS because modified peptide signals are not diluted across many products.
Although DEPC has great promise as a labeling reagent, we have found that DEPC does not always efficiently label all solvent accessible His, Tyr, Ser, Thr, Lys, and Cys residues in a given protein. One possible reason for this is that the reaction of DEPC with some amino acids is reversible with half-lives depending on the modified amino acid. For example, N-carbethoxyimidazole, which is the modified form of the histidine side chain, has a reported half-life of approximately 55 h at pH 7, 2 h at pH 2, and 18 min at pH 10 [35] . Lys and Tyr modifications are thought to be irreversible and reversible, respectively [36] , and modifications of Ser and Thr residues are reversible with half-lives that are probably under 20 h [24] . Reversal of the covalent modification can lead to the loss of structural information, especially if traditional digestion procedures are used to generate peptide fragments for bottom-up sequencing. This problem is especially critical for Ser and Thr residues because of their short half-lives and the fact that Ser and Thr are the third and seventh most common amino acids in proteins [37] , accounting for about 13% of the sequence of an average protein. Methods that can reduce this reversibility will be very helpful in obtaining more information from DEPC as a labeling reagent.
In the work described here, we have investigated the reversibility of several different DEPC-modified amino acids in peptides and proteins and find that DEPC label loss occurs more readily than previously thought. Using these data, we then show that the labeling (and thus structural) information obtained with DEPC as a reagent can be substantially increased if the time between the covalent labeling reaction and MS analysis is reduced. We find that short digestion times minimize label reversibility and consequently enable the detection of twice as many modified amino acids in some cases, thereby increasing protein structural resolution.
Experimental

Materials
Chymotrypsin was purchased from Roche Diagnostics (Indianapolis, IN) and immobilized chymotrypsin and triethylamine acetate (pH 8.0) were from Princeton Separations (Adelphia, NJ, USA). Human β-2-microglobulin (β2m) was purchased from Fitzgerald Industries International, Inc. (Concord, MA, USA). Diethylpyrocabonate (DEPC), imidazole, iodoacetamide, ammonium bicarbonate, sulfo-Nhydroxysuccinimide acetate (NHSA), tris(2-carboxyethyl) phosphine (TCEP), equine heart cytochrome c, equine skeletal muscle myoglobin, and Glu-C were obtained from Sigma-Aldrich (St. Louis, MO, USA). Ammonium acetate, methanol, acetonitrile, and acetic acid were obtained from Fisher Scientific (Fair Lawn, NJ, USA). Tris(hydroxymethyl)-aminomethane (Tris) was purchased from EM Science (Gladstone, NJ, USA). Centricon molecular weight cutoff (MWCO) filters were from Millipore (Burlington, MA, USA). Deionized water was generated from a Millipore (Burlington, MA, USA) Simplicity 185 water purification system. All the peptides used in this study, except GH, GGH, and GGM were obtained from American Peptide Company (Sunnyvale, CA, USA). The peptides GH, GGH, and GGM were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Covalent Modification Carbethoxylation with DEPC
Stock solutions of DEPC were prepared in acetonitrile. The DEPC reactions of peptides and proteins were performed for 1 min at 37°C and were initiated by adding DEPC in a molar excess of 3 or 4. The total reaction volume for the experiments was 100 μL, and the total amount of acetonitrile added was 1%. The reactions were quenched after 1 min by adding 10 mM imidazole [24] .
Acetylation with NHSA
Stock solutions of NHSA were prepared in water. The labeling of peptides with 100 molar excess of NHSA was carried out for 3 min at 37°C. The reactions were quenched by adding 200 mM Tris.
Proteolytic Digestion
Before proteolytic digestion, the modified proteins were cleaned with a 10,000 MWCO filter and reconstituted in deionized water to a final concentration of 250 μM. Cleaned β2m samples were reacted with TCEP (protein:TCEP=1:40) to reduce the disulfide bond. Iodoacetamide was added simultaneously at room temperature for 30 min in the dark to block the reduced Cys residues. β2m and the other proteins were incubated with 10% (vol/vol) acetonitrile at 50°C for 45 min prior to digestion. Chymotrypsin was then added in a triethylamine buffer at pH 8.0 to yield a final enzyme/ substrate ratio of 1:20. For conventional overnight digestion, the samples were incubated at 37°C for 16 h. For the microwave-assisted digestions, the protein/enzyme mixture was irradiated in an MARS 230/6 microwave oven (CEM Corp., Matthews, NC, USA) for 8 min. For the ultrasoundassisted digestions, the protein/enzyme mixture was exposed to an ultrasonic field for 4 h at 37°C using a Branson 3510R-MTH Ultrasonic Cleaner. The digestions were stopped by inactivating the enzymes via the addition of acetic acid. For the 2 h digestions, immobilized chymotrypsin was added to yield an enzyme/substrate ratio of 1:10, and the protein/enzyme mixture was incubated at 37°C. After the digestion with the immobilized chymotrypsin, the reaction mixture was centrifuged for 2 min at around 9000 relative centrifugal force to separate the enzyme from the protein. The enzyme Glu-C was used with an enzyme to protein ratio of 1:20 in an ammonium bicarbonate buffer at pH 8.0. The enzyme/protein mixture was incubated at 25°C for 4 to 6 h. Acetic acid was then added to inactivate the enzyme and stop the digestion. In all cases, the modified proteins were immediately analyzed after the digestions.
Instrumentation
All mass spectral measurements were carried out on a Bruker AmaZon (Billerica, MA,USA) quadrupole ion trap mass spectrometer equipped with an electrospray ionization source. Typically, the needle voltage was kept at~4 kV, and the capillary temperature was set to 250°C. Either CID or ETD was used to generate tandem mass spectra. For the CID experiments, an activation time of 40 ms was used, and the amplitude of the resonance excitation voltage during the CID experiment was optimized to ensure efficient ion dissociation. In the ETD experiments, low m/z cutoff (LMCO) values ranging from 50 to 180 and reaction times ranging from 50 ms to 180 ms were used. When sequencing the peptides by CID or ETD, ions with abundances at least 10 times greater than the noise were considered as product ions.
HPLC-MS analyses were conducted using an HP1100 (Agilent, Wilmington, DE, USA) with a Discovery C 18 column (15 cm×2.1 mm, 5 μm particle size, Supelco, St. Louis, MO, USA). Peptide mixtures or peptide fragments from the proteolytic digests were eluted using a gradient of methanol containing 0.1% acetic acid that increased from 10% to 100% methanol for 30 min at a flow rate of 0.25 mL/min.
Results and Discussion
To better understand the scope of the DEPC hydrolysis reaction, we investigated a series of DEPC-modified peptides and proteins. Figure 1 shows an example of the modification reversibility for the peptide pGlu-HPG after the peptide was modified by DEPC and allowed to sit in solution for 10 min, 4 h, and 18 h at 37°C. The mass spectra in Figure 1 , decreases from 77%±2% at 10 min to 33.6%±0.5% after 4 h to 0% after 18 h. Scheme 1 illustrates the hydrolysis reaction that labeled histidine undergoes [35] . It should be noted that the DEPC-related product of the hydrolysis reaction, ethyl hydrogen carbonate, is inherently unstable in water just like all the other alkyl hydrogen carbonates, and it readily decomposes into carbon dioxide and ethanol [38] .
Similar experiments were performed with a series of other peptides containing modified His, Tyr, Lys, and N-termini (Table 1 ). For peptides with multiple modification sites, such as RPKPQQFFGLM-NH 2 and MEHFRWGK, LC was used to separate the isomers prior to MS analysis. Two conclusions can be drawn from the data in Table 1 . First, DEPC modifications to Lys residues and the N-termini are not reversible during an 18 h period. Second, His and Tyr residues more readily lose their label at rates that appear to depend on the surrounding amino acid residues. The behavior of His and Tyr is similar to that noted in our previous work on Ser-and Thr-containing peptides [24] . Interestingly, despite a reported half-life of 55 h for modified imidazoles at pH=7 [35] , we find that His residues in peptides can have much shorter half lives in some cases.
The modification reversibility of intact proteins was also investigated, and the results indicate that modification losses for whole proteins are not as rapid as with smaller peptides.
The modification percentage for intact cytochrome c is 56%± 3% when measured 10 min after the modification is quenched; while its modification percentage is 57%±2% when measured after 24 h (see Figure S1 in the Supplemental Information). Similar experiments with myoglobin and β-2-microglobulin (β2m) indicate modification percentages of 83±2% (10 min) and 73%±5% (24 h) and 68%±3% (10 min) and 49%±3% (24 h), respectively. One possible explanation for the lower modification loss from the intact proteins is that the protein buries the hydrophobic carbethoxy group in its interior after modification, thereby slowing the hydrolysis reaction that results in the cleavage of this group.
The Effect of Digestion Conditions on Labeling Information
Because label loss can be substantial for some residues during a standard enzymatic digest time period (e.g., 18 h), we investigated different digestion procedures to identify the conditions that minimize label loss. Microwave [39, 40] , ultrasonic irradiation [41] [42] [43] , and immobilized enzymes [44] are convenient ways to accelerate protein digestions, so each of these methods was compared with conventional overnight digestion. For each digestion condition, the protein was first labeled with DEPC under conditions known to minimize structural changes to the protein. DEPC-protein reaction plots ( Figure S2 in Supplemental Information) were used to ensure protein structural integrity during the labeling reactions just as described in previous work [24] . Results show that each protein maintains its structural integrity under the conditions used here. After enzymatically digesting the modified proteins, both ETD and CID were used to sequence the peptide fragments and identify the modification sites. Figure S3 gives two example tandem mass spectra to illustrate that modification sites can be determined with single amino acid resolution.
The DEPC modification sites and percentages obtained after digestion under different conditions indicate that the 2 h digestion with immobilized chymotrypsin provides the most labeling information (Table 2) , both in terms of the number of modification sites found and the modification percentages. Using β2m as an example, we find that the 2 h digestion is extremely informative ( Table 2 ). Given that residues with ≥30% solvent accessibility are usually considered to be solvent exposed [45] , the percentage of the surface exposed residues that can be labeled (i.e. Ser, Thr, Lys, His, Cys, Tyr, and N-terminus, see Table S1 in Supplemental Information) is 95% with the 2 h digestion as compared to 76%, 38%, and 52% for the overnight, microwave-assisted, and ultrasound-assisted digestions, respectively. In addition, the measured modification levels with the 2 h digestion are higher in most cases. A similar trend is seen for cytochrome c ( Table 2 ). The same modification sites are observed under both overnight and the 2 h digestion conditions, but fewer modification sites are observed after microwave and ultrasonic digestion conditions, even though all of the digestion conditions provide 990% sequence coverage. About 45% of the modifiable residues are found labeled with the overnight and 2 h digestions, whereas only 33% of the modifiable surface exposed residues are measured after the microwave and ultrasound-assisted digestions. While the same number of modified sites is observed in cytochrome c after overnight and 2 h digestions, the measured modification levels for some amino acids are found to be higher in the 2 h digestion Table 2 ). The data for myoglobin indicates that the 2 h digestion results in a slightly higher percentage of measured modified residues (39%), whereas for the overnight (35%), microwave (29%), and ultrasound-assisted (29%) digestions lower percentages of modified residues are measured (Table 2) . Again, the recovery of modifications is higher in almost all cases when the 2 h digestion is used.
The relatively low recovery of modified amino acids after microwave and ultrasound-assisted digestions is interesting. The results suggest that in addition to accelerating the digestion reactions, microwaves and ultrasound also accelerate hydrolysis of the DEPCmodified residues, even to greater extents than they accelerate proteolysis, thereby increasing the modification losses. Several papers report that microwave irradiation can accelerate common organic transformations such as hydrolysis reactions [46, 47] . Moreover, microwaves also accelerate the hydrolysis of peptide bonds in the absence of enzymes [48, 49] . Ultrasonic irradiation is also known to accelerate hydrolysis reactions [50] . Therefore, it appears that microwave-and ultrasound-assisted digestion methods are not good choices when trying to identify residues modified by DEPC.
To confirm that the shortened digestion times enable more modifications to be retained before MS analysis, labeled proteins were digested for 2 h with immobilized chymotrypsin, and then, after removing the immobilized chymotrypsin, the resulting peptide fragments were incubated at 37°C for 24 h to monitor if further label loss occurred ( Table 2 , sixth column). The data clearly indicate that label loss occurs as a result of the peptide fragments remaining in solution for an additional 24 h. These observations confirm that label loss occurs over time and that shorter digestion times help minimize label loss, so that a greater number and percentage of modified residues can be retained and measured. The extents of label loss follow the trends observed in Table 1 and in our previous work [24] . The modification percentages for the Ntermini and Lys residues do not substantially decrease after 24 h, indicating that they maintain their labels. In contrast, His, Tyr, Ser, and Thr residues more readily lose their labels after sitting in solution for 24 h. These experiments also help us understand the label loss data for the undigested proteins described above. Cytochrome c did not lose any DEPC modifications (56±3% to 57±2%) after sitting in solution for 24 h, while β2m lost more labels (68%±3% to 49%±3%) after sitting in solution for 24 h. Almost all of the residues labeled in + (e.g., see Figure 1 cytochrome c are Lys residues, which undergo little label loss. For β2m, more than half of the modification sites are His, Tyr, Ser, or Thr residues, which are the amino acids that most easily lose the modification.
It is important to note, however, that the amount of label loss observed for the intact β2m after 24 h is not as great as expected based on the 2+ 24 h results in Table 2 . Less label loss in the case of the undigested protein suggests that intact a SASA was calculated using GETAREA 1.1 [45] . 1.4 Å was used as the probe radius, and the calculated SASA percentage is the ratio of the SASA of the side chain in the protein to the SASA of the side chain (X) in the unstructured Gly-X-Gly tripeptide. Residues with %SASA values that exceed 50% are typically considered to be solvent exposed, and residues with ratios less than 20% are typically considered to be buried. We chose 30% as the cutoff for determining if a residue is solvent exposed b The PDB IDs for β-2-microglobulin, cytochrome c and myoglobin that were used to determine SASA were 1JNJ, 1AKK, and 1DWR, respectively. For β-2-microglobulin, 1JNJ consists of 20 NMR structures, and so the reported SASA values are the average from these 20 structures c This modified peptide is not detected in every experiment d N.D. indicates that modified peptide is not detected in any experiment under these conditions e % Labeled corresponds to the percentage of the surface exposed modifiable (i.e. His, Lys, Cys, Ser, Thr, and Tyr) residues that are found to be labeled. A complete list of modifiable residues in β-2-microglobulin, cytochrome c and myoglobin and their calculated SASA values can be found in Table S1 in the Supplemental Information modified proteins might partially bury the DEPC modified side chains, thereby slowing hydrolysis. If this is the case, then we might be able to increase modification recoveries by generating larger proteolytic fragments that partially protect the modified residues from hydrolysis.
Glu-C and Middle-Down Sequencing
To test the idea that longer peptide fragments may protect the modified residues from hydrolysis, we used the enzyme Glu-C to generate longer proteolytic fragments, while still maintaining a short overall digestion time. Glu-C cleaves peptide bonds on the C-terminal side of Glu residues. The fragments that are typically produced are large enough that this could be considered a form of middle-down sequencing [51] [52] [53] [54] [55] . The larger peptide fragments produced by Glu-C lead to more peptide fragments with multiple modification sites. In many cases, LC is able to separate these peptide isomers, so that MS/MS can readily confirm the modification sites. For example, the peptide fragment, 106 FISDAIIHVLHSKHPGDFGADAQGAMTKALE 136 , from myoglobin was found to be modified at H113, H116, S117, and K118. Each of these modified forms of the peptide can be separated by LC, and the modification sites can be determined by ETD (Figure 2) . In other cases, modified peptide isomers elute at the same time, but ETD of these isomers almost always enables the multiple modification sites to be unambiguously identified. For example, the peptide fragment, 137 LFRNDIAAKYKE 148 , from myoglobin was found to be modified at K145 and K147 even though these modified forms elute together ( Figure S4) . Unfortunately, the inability to completely separate all modified peptide forms makes it difficult to accurately determine the modification percentages for all the modified sites. Because only 45% and 39% of the modifiable surface exposed residues of cytochrome c and myoglobin are labeled using the 2 h digestion procedure, we only digested these proteins with Glu-C. Ninety-five percent of the modifiable residues in β2m are already labeled, so middle-down sequencing is not expected to provide significantly more information for this protein. In addition, the relatively high number of Glu residues in β2m yields peptide fragments that are similar in size to those generated by chymotrypsin, thereby providing no real advantage. In contrast, Glu-C generates peptide fragments for cytochrome c and myoglobin that have, on average, almost twice as many residues as those produced by chymotrypsin.
When Glu-C is used to digest DEPC-modified cytochrome c and myoglobin, we found six new modification sites for cytochrome c and 17 new sites for myoglobin as compared to the 2 h digestion with chymotrypsin. The six new sites that are modified in cytochrome c are all Lys residues. Overall, the measured modification sites in this protein upon Glu-C digestion are: Lys5, Lys7, Lys8, Lys22, Lys25, Lys27, Lys39, Lys53, Lys55, Lys60, Lys72, Lys73, Lys79, Lys86, Lys87, Lys88, Lys99, and Lys100 (Table S1 in Supplemental Information). The presence of newly found modified Lys residues suggests that some Lys residues can undergo hydrolysis at faster rates in some circumstances even though the data in Tables 1 and 2 indicate the label loss reaction is slow for Lys. The inability to find additional modified His, Thr, Ser, or Tyr residues might be because there are only seven of these residues that have SASA percentages above 30% and most of them have SASA percentages close to 30%. Overall, a total of 18 residues were found to be modified, which corresponds to 67% of the modifiable residues in cytochrome c (see Table S1 for a complete list of modifiable residues and their modification status). This is a clear improvement over the 45% obtained with the 2 h digestion with chymotrypsin.
For myoglobin, a total of 27 modification sites were found. These sites are: the N-terminus, His36, His48, His64, His81, His97, His113, His116, Tyr103, Tyr146, Ser92, Ser117, Thr95, Lys42, Lys45, Lys50, Lys62, Lys63, Lys77, Lys78, Lys79, Lys87, Lys96, Lys98, Lys118, Lys145, and Lys147 (Table S1 ). As indicated before, 17 of these sites are new. Eight of these new sites are His, Tyr, Ser, or Thr residues. Two of these newly identified sites, Tyr146 and Ser92, have low SASA percentages (Table S1 ). Even though the modification percentages for these residues are very low (i.e., G1 %), observing these sites modified might suggest that a small fraction of the proteins are structurally perturbed, thereby exposing these residues. Our previous DEPC labeling experiments with myoglobin gave no evidence for any perturbations to the protein structure under identical reaction conditions [24] , but the ability to find more modified sites with the current conditions could be revealing that some fraction of the proteins do undergo slight structural perturbations. This possibility highlights the advantage of being able to identify more labeled sites. The remaining nine newly discovered sites in myoglobin are Lys residues. Considering these data as a whole, we find that 81% of the solvent exposed modifiable residues are labeled when the protein is analyzed using Glu-C and middle-down sequencing (see Table S1 for a complete list of modifiable residues and their modification status). This percentage of measured modification sites is a significant improvement over the 39% that was obtained with the 2 h digestion using chymotrypsin.
Increasing the number of measured modification sites is advantageous for protein structure determination. In effect, measuring more modified residues provides greater protein structural resolution. To quantify the improved resolution obtained with the shorter digestion conditions, we calculated the average distance between adjacent modification sites to arrive at an effective resolution for each digestion condition. To do this, we mapped the measured modification sites on the crystal or NMR structure of each protein (e.g., Figure 3) , and then the distance between a given modified residue and the next closest modified residue was determined using Pymol [56] . The overall average of these distances was then calculated to provide an effective resolution. Figure 3 illustrates the measured modification sites mapped on the crystal structure of myoglobin using the data from two different digestion conditions. This figure shows that a greater effective resolution is obtained upon digesting the protein with Glu-C (Figure 3b ) as compared to a conventional overnight digestion (Figure 3a) . The protein structural resolution that is calculated upon the Glu-C digestion is 7± 2 Å, while the resolution from the overnight digestion data is 11±3 Å. Conducting a similar calculation for all three proteins under the different digestion conditions indicates that in all cases the structural resolution is greater when a shorter digestion time is used (Table 3) .
Conclusions
By studying several peptides and proteins, we find that DEPC-modified amino acids are more labile than previously thought. This lability can lead to losses in protein structural information. Label loss is most significant for Ser, Thr, and Tyr residues but also occurs readily for His residues. By shortening the time between the modification reaction and MS analysis, though, the number of modification sites that are identified after labeling with DEPC can be increased, and this greater number of labeled sites translates into increased structural information. As expected, more extensive levels of DEPC modification are primarily due to limiting the hydrolysis of Ser, Thr, Tyr, and His residues. The decreased time between the modification reaction and protein sequencing analysis by MS can be achieved using shorter digestion times. Microwave and ultrasonic irradiation are two ways to accelerate protein digestion, but these methods also accelerate hydrolysis to a greater extent, resulting in lower measured levels of modification. In contrast, a simple 2-h digestion with immobilized chymotrypsin was found to be superior for obtaining more structural information for the proteins studied here. Surprisingly, protein digestion using Glu-C coupled with middle-down sequencing provides the most extensive labeling information. Indeed, the number of labeled sites increases by 1.5-fold for cytochrome c and 2-fold for myoglobin, resulting in notable improvements in the structural resolution of this covalent labeling technique. This phenomenon is likely due to the production of larger peptide fragments that are able to partially bury the relatively hydrophobic carbethoxy group, thereby shielding the modified residues from hydrolysis. Overall, the amount of structural information that is accessible with DEPC indicates that it might be useful as a standalone labeling reagent when followed by short digestion times and middle-down sequencing, although alternate short-time digestion conditions would need to be optimized for more intractable proteins. Because this reagent also only produces a single reaction product, thereby simplifying the MS analysis, it may serve as a viable alternative to hydroxyl radical labeling. a The resolution was calculated by considering the average distance between adjacent modification sites after mapping the measured modification sites on the crystal or NMR structure of each protein
